Abstract
Phospholipid oxidation (OxPL) generates a wide variety of products with potentially novel biological activities that may be associated with disease pathogenesis. To understand their role in disease requires precise information about their abundance in biological samples. Liquid chromatographymass spectrometry (LCMS) is a sensitive technique that can provide detailed information about the oxidative lipidome, but challenges remain. Furthermore, variation in charge of the polar head groups and the extreme diversity of oxidised species make analysis of several classes of OxPLs within one analytical run challenging.
The work in this study aims to develop improved methods for detection of OxPLs by improvement of chromatographic separation through the serial coupling of polystyrene-divinylbenzene based monolithic, and mixed-mode hydrophilic interaction (HILIC) with use of semi-targeted mass spectrometry approaches. The results suggests that by serially coupling two columns, HILIC and monolith, provided the better coverage of OxPL species in a single analytical run. We tested in-vitro generated oxidized species for phosphatidylcholine (PC) and phosphatidylethanolamine (PE) class and the combination of orthogonal chromatographic separation allowed separation of oxdised species from both the classes, which otherwise coeluted.
Introduction
Global oxidised lipidome analysis of biological samples offers great potential for detection of biomarkers of disease. A single species belonging to the glycerophospholipid group bearing an unsaturated fatty acyl chain can give rise to over 50 different modified species. The species formed through oxidation can further be categorised based on the nature of oxidant, extent of oxidation and concentration of oxidant and other aiding compounds (Reis and Spickett 2012) . In lieu of the extreme diversity of phospholipid species due to the fact that more than 1000 of species that can be formed by combination of different headgroups and fatty acyl chains, the number of oxidised species that are generated in response to reactive oxygen species can be overwhelming. In addition, they can exist as many different derivatives and isomers in vivo. This can lead to formation of hundreds of different modified species from the lipidome of mammalian membrane, adding to the complexity and difficulty in characterisation and quantification of these species in biological samples (Nakanishi, Iida et al. 2009 ). These oxidised phospholipid species (OxPL) can have non-identical biological activities (Bochkov, Oskolkova et al. 2010 , Aldrovandi and O'Donnell 2013 , Spickett and Pitt 2015 . To understand the biological importance of oxidised phospholipids (OxPL) along with their role as a disease biomarker, information on the precise concentration of all oxidised species in biological samples must be obtained (Gruber, Bicker et al. 2012) . Moreover, it is important to measure simultaneously all long chain oxidation products including hydroperoxides and hydroxides, and short chain oxidation products including saturated and unsaturated aldehydes and di-carboxylic acids derivatives. This is required to investigate the dynamic assessment of oxidised phospholipids in a disease state, and to examine their relevance to function and disease in-vivo (Uchikata, Matsubara et al. 2012 ).
The analytical technologies to measure the abundance and identification of oxPL species have evolved over the years. In the pre-2000 era, methods involving mass spectrometry measurements were limited and general methodology to analyse oxPL species were used such as UV spectrophotometric assays & fluorescence based assays like FOX2 assay, isoluminol assay and DNPH assay that provided only global measure of oxidative stress without giving any information on the molecular level (Zhang, Cazers et al. 1995 , Konishi, Iwasa et al. 2006 . Although, these methods provide useful initial insights about potential oxidative state, they suffer from inherent problems related to sensitivity and specificity of detecting individual molecular species, when applied to situations in-vivo (Tyurina, Tyurin et al. 2009 ).
On the other hand, mass spectrometry coupled with liquid chromatography as a technique to measure oxidised phospholipids has gain popularity because it measures mass -to charge ratio (m/z) of compounds and can distinguish or separate different molecular species based on their masses and functional chemistry, therefore, can selectively identify several different species in complex mixture simultaneously. The last decade has seen surge in more sophisticated methods involving use of liquid chromatography coupled with mass spectrometry (LC-MS), supporting the significance of OxPL in health and disease (Spickett 2001 , Sparvero, Amoscato et al. 2010 , Spickett, Wiswedel et al. 2010 , Spickett, Reis et al. 2011 , Stutts, Menger et al. 2013 ).
Due to extreme chemical diversity of the oxidised lipidome together with the range of concentrations of these species in biological samples, complementary analytical approaches are required to monitor it completely (Domingues, Reis et al. 2008, Spickett and Pitt 2015) . It is analytically impractical to measure oxidised species of all classes in a single run because of variation in the charge of the polar head group and extreme diversity of oxidised phospholipid species OxPL). Moreover, sensitivity is the major concern, because currently no method is available to selectively enrich or amplify these species to improve their detection (Mousavi, Bojko et al. 2015 , Ulmer 2015 . Therefore, the strength of the mass spectrometric analysis can be exploited by enhancing the selectivity of the methods.
While mass spectrometer instruments can separate and identify species that have different molecular masses, there are limitations in separation of isomeric and isobaric species (Sandra, Pereira Ados et al. 2010 ). Moreover, isobaric and isomeric species are not uncommon in oxidative Lipidomics and therefore, to handle the diversity of OxPL species that can be formed, it is often required to couple chromatographic separation with mass spectrometry detection (van Meer 2005 , Peterson and Cummings 2006 , Wörmer, Lipp et al. 2013 .
Various reports describe the combination of either reverse phased and or normal-phase LC coupled with mass spectrometry in multi-dimensional set ups to detect and measure long chain oxidation products (Hui, Chiba et al. 2010 , Morgan, Hammond et al. 2010 , Thomas, Morgan et al. 2010 , Strassburg, Huijbrechts et al. 2012 ). Most of the methods developed so far relied on mass spectrometric and chromatographic development (Fu, Xu et al. 2014 , Groessl, Graf et al. 2015 or focused on high throughput analysis (fast HPLC) at the expense of detection of low abundant oxidation products (Gruber, Bicker et al. 2012) . Most of the current methods published so far, have been either confined to a small number of molecular species based on Multiple Reaction monitoring (MRM) based approach or have used high resolution mass spectrometry coupled with liquid chromatography to detect specified oxidised phospholipid species, solely based on accurate masses and/or tandem mass spectrometry (MS-MS) to obtain structural information (Adachi, Asano et al. 2006 , Uchikata, Matsubara et al. 2012 , Uchikata, Matsubara et al. 2012 . The MRM and high resolution based methods are highly sensitive and focused methods and are ideal for observing and quantifying certain pre-determined species. Nevertheless, further improved methods that are capable of quantifying multiple oxidised species in biological samples belonging to different phospholipid class are still required.
To date, there is no report of systematic evaluation of chromatographic separation for OxPL species.
The resolution parameter that dictates the chromatographic separation is dependent on three other parameters: efficiency, selectivity, and capacity; the maximum improvement in resolution is related to altering the selectivity parameter, which is the factor that is dependent upon the chemistry of the analyte, mobile and stationary phases (Zhou, Song et al. 2005 , Weng 2014 ). All of these factors may be altered to optimise the chromatographic separation. In this work, one of the primary objectives was to perform systematic evaluation of chromatographic separation by testing several stationary and mobile phase systems to achieve best separation of OxPL species. We also investigated the two dimensional separation by serially coupling two columns that provides orthogonal selectivity. The set up was adapted from (Haggarty, Oppermann et al. 2015) by coupling the HILIC column and reverse phase column. 
Materials and Methods

Chemicals and reagents for liquid chromatography -mass spectrometry
Reagents
Deuterated solvents for nuclear magnetic resonance spectroscopy (NMR), namely pyridine-d5, deuterated chloride, deuterated-methanol, and chloroform, were procured from Goss Scientific, UK.
All solvents (methanol, chloroform, water, tetrahydrofuran and hexane) were of HPLC grade and obtained from Thermo Fisher Scientific, UK.
HPLC columns
Pro-swift RP-4H (1x250mm) monolithic column was purchased from Thermo Scientific, UK for LC-MS analysis. The Luna C8 column (150mm X 1 mm), Luna C-18 column (150 X 1 mm) and C-30 column (150 X 2.1 mm) were purchased from Phenomenex, UK. Mix -mode HILIC column (300 X 2.1 mm) was procured from HiChrom, UK
Optimisation of chromatographic separation using several reverse phase columns and eluent systems
Conventional . For the first separation monolith column (Proswift RP-4H, 1x 250mm) was used using solvent system A as mobile phases and the 2 nd separation was performed using HILIC column (ACE Silica, 150 x 3.1mm) column in combination of solvent system D as mobile phases.
The two columns were coupled in series using a T-piece with third port connected to the 2 nd binary pump. The scheme of the chromatographic program is explained in appendix 1. The two different gradient program using solvent system A for monolith column and solvent system D for HILIC column are as below:
For reverse phase separation gradient run 
Results & Discussion
The chromatographic separation of OxPC species was evaluated using several columns like C-8 Luna The serial coupling of monolith and HILIC column with modified program showed better separation of the OxPC and OxPE species. However, the native PCs and PE species co-eluted in this setting.
Altogether, this was a first step towards evaluation of two dimensional chromatography to improve the oxidised lipidome coverage and enhance high throughput analysis; and it requires further optimisation and experimentation to evaluate its efficiency.
This was a first attempt to-date in the field of oxidative lipidomics although, similar work had been carried out in the field of metabolomics (Haggarty, Oppermann et al. 2015) . We found that the methodology using two dimensional chromatography has a potential to improve the oxidised lipidome
